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Preface 
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The  importance  of  GaAs  as  a III-V  semiconductor  and  its 
derivatives  cannot  be  overrated.  Its  future  applications  in 
the  microwave  and  the  telecommunications  industry  have  not 
yet  been  fully  realized.  With  the  advent  of  ion  implantation 
and  the  present  experimental  research  advances  in  laser 
annealing,  GaAs  is  guaranteed  a very  strong  foothold  in  our 

I 

future  world  of  solid-state  technology. 

It  is  a distinct  honor  for  me  to  present  this  study  as 
my  contribution  to  the  present  experimental  research  on  GaAs 
with  the  hope  that  this  study  may  someday  enhance  the  progress 
made  in  the  field  of  GaAs  technology. 

There  are  many  people  who  gave  up  their  time  and  energy, 
thus  making  this  study  possible,  that  I would  like  to  thank. 

I want  to  especially  thank  my  advisor.  Dr.  Robert  L.  Hengehold, 
for  the  many  useful  and  informative  conversations  during  the 
course  of  this  most  interesting  work.  Additionally,  I owe  a 
debt  of  thanks  to  George  Gergal,  Jim  Miskimcn,  and  Ron  Gabriel 
of  the  AFIT  Physics  Department  technical  staff  for  their  un- 
tiring assistance  throughout  the  period  of  the  experiment. 

Finally,  I wish  to  record  my  deep  gratitude  to  Suzanne  Weber 
for  her  many  valuable  suggestions  and  her  outstanding  job  in 
helping  me  to  put  this  manuscript  together. 
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Abstract 

The  primary  objective  of  this  study  was  to  characterize 

experimental  laser  annealed  samples  using  cathodoluminescence . 

Ten  Cr-doped  (SI)  GaAs  samples  were  studied.  These  samples 

included  an  unimplanted-unannealed  sample,  several  unimplanted 

but  laser  annealed  samples,  Ge  implanted  (fluences  of  3x10^ 

ions/cm2  and  3x10^  ions/cm2)  thermally  annealed  and  laser 

annealed  samples,  and  a Ge  implanted  (fluence  of  3x10'''^  ions/ 

2 

cm  ) unannealed  sample.  The  results  indicated  the  experi- 
mental laser  annealed  samples  to  be  partially  or  completely 
unannealed.  The  laser  annealed  samples  were  generally  char- 
acterized by  weak  luminescence  with  peaks  at  1.514  eV  due  to 
unresolved  excitons,  1.488  eV  attributed  to  Zn^s , and  1.469 
eV  (damage  related) . It  was  further  observed  that  in  the 
thermally  annealed  samples,  the  dominant  peak  was  noted  at 
1.488  eV  instead  of  the  expected  1.478  eV  peak  previously 
associated  with  Ge.  Finally,  the  unannealed  sample  spectra 
emissions  were  characterized  by  a 1.493  eV  peak  attributed  to 
C^s,  and  in  all  non- laser  annealed  samples  a 1.36  eV  peak 

attributed  to  Cu~  was  observed. 

Ga 


I.  Introduction 


The  purpose  of  this  study  was  to  examine  the  effects  of 
damage  induced  in  a gallium  arsenide  (GaAs)  sample  by  germanium 
(Ge)  ion  implantation  and  to  determine  the  consequences  of  laser 

[annealing  on  these  effects  by  utilizing  the  experimental  labora- 
tory technique  of  cathodoluminescence . 

Gallium  arsenide  is  a group  III-V  direct  gap  semi-conductor 
(see  Appendix  A) . It  is  zincblende  in  structure  and  can  be 
considered  as  two  interpenetrating  face-centered-cubic  (FCC) 
lattices.  This  material  has  been  extensively  studied  for  many 
years  for  two  main  reasons.  First,  it  possesses  unique  prop- 
erties that  make  possible  significant  improvements  in  the 
performance  of  many  electronic  devices  such  as  photocathodes. 
Properties  such  as  higher  mobilities,  larger  band  gap,  and  a 
higher  resistivity  or  semi - insulating  (SI)  quality  make  possible 
higher  frequency  and  higher  temperature  operation  of  such  devices. 
Secondly,  GaAs  exhibits  interesting  physical  phenomena  such  as 
higher  frequency  electrical  instabilities  (Gunn  effect) . These 

i 

phenomena  have  enhanced  both  the  electrical  and  optical  appli- 
cations of  GaAs  tremendously.  Today  these  applications  include 
microwave  oscillators,  amplifiers,  detectors,  ultra  fast 
switches,  logic  elements,  infrared  photoemitters,  secondary 
emitters,  light-emitting  diodes  and  lasers,  and  high  efficiency 
solar  cells.  Clearly,  the  future  of  GaAs  is  very  promising, 

! especially  for  its  application  to  microwave  and 
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telecommunications  (Ref  2:129;  24). 

Recently  new  emphasis  has  been  placed  on  the  investigation 
of  GaAs  by  the  United  States  Air  Force.  The  Air  Force  Avionics 
Laboratory,  hr ight - Patterson  Air  Force  Base,  Ohio,  is  presently 
studying  ion  implantation  experiments  of  various  doped  GaAs 
samples.  These  studies  are  directly  related  with  Air  Force 
interests  in  microwave  communications . This  present  study  is 
designed  to  provide  new  information  on  the  implantation  and 
laser  annealing  of  Ge  implanted  GaAs. 

Ion  implantation  offers  an  alternate  approach  to  the  dif- 
fusion  of  desired  elements  into  GaAs  substrates  to  yield 
desired  electrical  and  optical  properties.  Laser  annealing 
offers  a new  approach  to  the  elimination  of  unwanted  defects 
induced  during  ion  implantation.  In  total,  the  ion  implantation- 
laser  annealing  process  offers  a new,  rapid  method  of  assembly 
line  device  production.  With  the  rising  demand  for  GaAs  doped 
with  different  elements,  the  ion  implant  - laser  anneal  process 
offers  a distinct  advantage  of  holding  down  costs  considerably 
while  shortening  processing  time  significantly. 

Pure  GaAs,  as  well  as  ion  implanted  GaAs,  has  been  examined 
using  the  optical  techniques  of  photoluminescence,  electro- 
luminescence, and  cathodoluminescence  (CL).  In  this  study, 
depth  resolved  cathodoluminescence  is  used  since  little  work 
to  date  has  been  done  using  this  technique  on  laser  annealed 
Ge  implanted  GaAs.  Additionally,  depth  resolved  cathodolumin- 
escence offers  a unique  method  of  investigating  implanted 
samples  at  different  crystal  depths  without  etching  away  layers 
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as  required  by  other  optical  techniques.  This  is  accomplished 
by  varying  the  accelerating  potential  of  the  electrons  bom- 
barding the  sample.  Through  a careful  analysis  of  the  emitted 
spectra,  one  should  be  able  to  characterize  crystal  implants 
and  probable  implant  concentrations  at  different  depths. 

In  this  study  ten  GaAs  samples  were  investigated  at  pre- 
selected probing  depths  using  an  electron  beam  energy  range 
of  5 keV  to  15  keV.  Two  thermally  annealed  Ge  implanted  GaAs 
samples  of  fluences  3x10^  ions/cm^  were  studied.  These  samples 
were  capped  with  Si~N^.  Additionally,  an  unannealed  3x10^ 
ions/cm  Ge  implanted  GaAs  sample  and  an  unannealed-unimplanted 
sample  were  studied.  These  provided  the  basis  group  from  which 
the  succeeding  laser  annealed  samples  were  compared.  The 
succeeding  samples  included  three  unimplanted  laser  annealed 
chromium  (Cr)  compensated  GaAs  substrates,  one  laser  annealed 

sample  of  fluence  3x10^  ions/cm^,  and  two  samples  of  fluence 

13  2 

3x10  ions/cm  laser  annealed  at  different  energy  density 
values . 

This  study  is  divided  into  five  chapters.  Chapter  II  con- 
tains the  theory  and  previous  work  accomplished  necessary  for 
careful  interpretation  of  experimental  results  as  well  as  for 
support  of  conclusions.  Chapter  III  contains  a brief  descrip- 
tion of  the  experimental  arrangement  used  in  this  study.  The 
analysis  and  discussion  of  the  experimental  results  are  found 
in  Chapter  IV.  Finally,  some  interesting  conclusions  and 
recommendations  are  located  in  Chapter  V. 
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1 1 . Theory 


This  section  contains  the  theory  and  background  necessary 
for  the  interpretation  of  the  experimental  results  and  the 
conclusions  reached.  The  major  areas  covered  are:  luminescence 
mechanisms,  ion  implantation,  laser  annealing,  electron  beam 
penetration,  and  finally  impurities  and  lattice  vacancy  compe- 
tition. 

Luminescence  Mechanisms 

Luminescence  is  defined  as  "the  emission  of  optical  radi' 
tion  (ultraviolet,  visible,  or  infrared)  as  a result  of  electro- 
nic excitation  of  a material,  excluding  any  radiation  which  is 
the  result  purely  of  the  temperature  of  the  material"  (Ref  50: 

626) . The  optical  radiation  is  produced  by  the  recombination 
of  electron-hole  pairs  created  by  some  excitation  mechanism. 

The  excitation  mechanisms  used  today  include  photoluminescence, 
involving  excitation  via  optical  radiation;  cathodoluminescence , 
in  which  excitation  is  provided  by  an  electron  beam;  radio- 
luminescence, which  induces  excitation  by  high-energy  radiation; 
and  electroluminescence,  which  induces  excitation  by  electric 
field  or  current.  In  this  study,  the  method  of  cathodolumines- 
cence was  chosen. 

When  a sample  is  bombarded  by  energetic  electrons,  electron- 
hole  pairs  are  produced.  These  quickly  recombine  both  radiatively 
and  non- rad iat. ively . Radiatively,  the  electron-hole  pairs 
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recombine  in  GaAs  via  two  major  mechanisms  of  interest.  They 
arc  conduction  band  to  acceptor  level  recombinations  (F-B)  and 
donor  level  to  acceptor  level  recombinations  (D-A) . These 
radiative  recombination  mechanisms  arise  from  the  presence  of 
chemical  impurities  (intentionally  or  unintentionally  put  in 
the  crystal)  and  physical  defects  (lattice  vacancies,  etc.). 

In  addition  to  the  mechanisms  mentioned,  other  interband  radia- 
tive recombination  mechanisms  exist.  These  are  of  lesser 
importance  but  are  mentioned  since  they  are  found  in  the  spectra 
of  GaAs.  They  are  excitons  and  phonons. 

Much  has  been  written  on  the  subject  of  (F-B)  recombination 
theory  (Ref  5:6-7;  12:96-98;  40:39-40).  The  energy  associated 
with  such  a recombination  is  approximated  by  the  equation: 

E = eg  - Eg  + KT  + nEp  (1) 

where 

E = energy  of  free-bound  transition 
Eg  = band  gap  energy 
Eg  = acceptor  binding  energy 

K = Boltzmann's  constant 

T = temperature 

n = integral  number  (0,  1,  2,  3...) 

Ep  = phonon  energy 

E^  represents  the  band  gap  energy  which  is  temperature  dep- 
endent and  can  be  approximated  by  the  equation  (Ref  51:24): 

EGm  ■ V»)  - f?F  cn 
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where 


Eg(0)  = 1.522 
a = 5.8x10 
b = 300 


t 


Since  the  experimental  data  in  this  study  is  taken  at  10°K, 
the  KT  term  in  Eq  (1)  is  negligible.  The  +^nE^  term  represents 
the  number  of  phonons.  For  GaAs , longitudinal  optical  (LO) 
phonons  have  an  approximate  energy  of  36  meV  (Ref  49:2450). 

The  donor -acceptor  (D-A)  recombination  theory  has  also  been 
widely  discussed  (Ref  13:84;  40:40-41).  This  mechanism,  in 
which  an  electron  bound  to  a donor  impurity  recombines  with  a 
hole  bound  to  an  acceptor  impurity,  is  described  by  the  following 
equation : 

E = EG  - (Ea  ♦ Ed)  + £-r-  (3) 

where 

E = energy  of  (D-A)  transition 
Eg  = band  gap  energy 
EA  = acceptor  activation  energy 
Ep  = donor  activation  energy 
e = electron  charge 
k = static  dielectric  constant 
R = separation  distance 

When  employing  Eq  (3) , one  must  consider  the  radiative 
recombination  (transition)  rates  W(r)  approximated  by  the 
equation  (Ref  13:85): 
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W(r)  = W exp( rr) 

v 7 max  l ^ rD7 


where 


= half  the  donor  Bohr  radius 

r = separation  distance  between  donor  and  acceptor  sites 


Since  transitions  of  near  pairs  are  more  likely  than  those  of 
far  pairs,  the  spectral  peak  energies  increase  as  one  increases 
the  excitation  intensity.  This  is  due  to  the  fact  that  near 
pair  transitions  are  saturated  at  high  excitation  intensities 
so  that  the  peak  energy  of  the  pair  continuum  is  displaced  to 
higher  energy.  Time  - resolved  cathodoluminescence  studies  have 
been  used  to  examine  such  shifts  (Ref  6:10).  Furthermore,  the 
spectra  of  near  pairs  are  narrower  because  they  have  higher 
transition  probabilities  (shorter  transition  times)  than  the 
far  pairs. 

The  final  radiative  recombination  mechanism  of  interest 
is  the  production  of  excitons.  Excitons  are  electron-hole 
pairs  that  are  bound  together  by  coulombic  attraction.  Some 
excitons  are  free  and,  as  such,  propagate  through  the  crystal 
lattice  while  other  excitons  are  bound  to  neutral  donors, 
ionized  donors,  neutral  acceptors,  or  ionized  acceptors  (Ref  23: 
464;  45:4577).  The  ionization  energy  of  an  intrinsic  exciton 


can  be  expressed  (Ref  41:9)  as 


13. 6m 
me2n2 


where 
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G = ionization  energy  of  an  intrinsic  exciton 

y = m m,  /m  +m. 
e lr  e h 

m = the  electron  effective  mass 
e 

= the  hole  effective  mass 
m = the  free  electron  mass 

e = the  static  dielectric  constant  of  the  host  semi-conductor 
n = 1 for  the  exciton  ground  state 

Therefore,  the  excitation  energy  necessary  for  the  creation 
of  the  intrinsic  exciton  is  E = E„  - G where  E„  is  the  band 

OX  (j  Cj 

gap  energy  (Ref  41:9). 

When  a semiconductor  is  doped  with  donor  or  acceptor  impuri- 
ties, impurity  levels  are  introduced.  A donor  level  is  defined 
as  being  neutral  if  filled  by  an  electron,  and  positive  (ionized) 
if  empty.  An  acceptor  level  is  neutral  if  empty  and  negative 
(ionized)  if  filled  by  an  electron  (Ref  51:626). 

In  GaAs  free  excitons  have  an  approximate  energy  of  1.515 
electron  volts  (eV) . Those  excitons,  bound  to  neutral  donors, 
ionized  donors,  neutral  acceptors,  and  ionized  acceptors,  yield 
the  approximate  energies  of  1.514,  1,515,  1.512,  and  1.502  eV 
respectively  (Ref  23:464;  45:4577;  56:345).  Since  the  experi- 
mental error  of  this  experiment  is  of  the  order  +_1  meV  (milli 
electron  volt)  , the  best  that  can  be  said  in  the  interpretation 
of  the  experimental  data  is  that  unresolved  excitons  arc  obser- 
ved in  the  spectra. 
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Non-radiative  recombination  mechanisms  arc  the  least 
understood.  Since  they  offer  no  insight  into  the  concentra- 
tion of  impurities  or  lattice  defects,  these  non-radiative 
centers  will  not  be  considered  in  depth.  It  should  be  stated, 
however,  that  a decrease  in  luminescence  can  indicate,  under 
the  proper  conditions,  an  increase  in  non-radiative  centers. 

This,  in  turn,  indicates  an  increase  in  crystal  damage--a  most 
important  part  of  spectra  interpretation.  Beyond  this  point, 
however,  non-radiative  centers  will  not  be  considered  in  any 
more  detail. 

Ion  Implantation 

Impurity  atoms  must  be  introduced  into  semiconductors  to 
gain  the  desired  electrical  and  optical  properties  required 
for  different  solid  state  applications.  To  achieve  this  goal, 
diffusion  techniques  have  been  used  over  the  years.  Diffusion 
consists  mainly  of  diffusing  a desired  impurity  into  a wafer  and 
the  redistribution  of  that  impurity.  There  are  problems  involved, 
though,  that  greatly  complicate  this  process.  The  distribution 
of  the  doping  agent  is  not  always  uniform  and  reproducible. 
Localizing  defects  result  from  chemical  reactions  involving  the 
doping  agents.  Some  applications  require  low  doses- -a  variable 
that  cannot  be  controlled  by  diffusion  techniques  (Ref  14:53). 

Ion  implantation  offers  an  alternative  to  diffusion  and  a 
possible  solution  to  some  of  these  problems.  First,  a word  is 
in  order  as  to  just  what  ion  implantation  is.  In  the  ion  im- 
plant process,  ions  are  produced  from  a source  material.  These 
ions  arc  then  extracted  electrostatically  from  the  source  and 
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directed  in  a uniform  manner  at  a target  wafer.  Under  the 
influence  of  an  accelerating  potential,  these  ions  impact  the 
wafer  in  a manner  that  has  been  described  by  Gibbons  (Ref  20) . 
As  noted  above,  the  implantation  process  offers  possible  solu- 
tions to  the  problems  associated  with  diffusion  techniques. 

Ion  implantation  offers  dose  control,  profile  control,  Ioav 
temperature  implantation,  and  simple  impurity  sources  (Ref  18: 
295;  44:32). 

An  ion  implantation  unit  integrates  the  current  to  the 
wafer  and,  thus,  achieves  an  accurate  count  of  the  total  number 
of  ion  implanted.  If  the  neutrals  and  secondary  charged  par- 
ticles are  handled  correctly,  accurate  dose  control  is  easily 
accomplished.  This  is  a most  important  aspect  in  the  applica- 
tion of  ion  implantation. 

A second  most  important  aspect  of  ion  implantation  is 
profile  control.  So  long  as  the  crystal  is  not  aligned  in  a 
major  crystallographic  direction  with  the  ion  beam,  profiles 
resulting  from  different  implants  are  easily  reproduced.  They 
are  nearly  Gaussian  in  shape.  As  such,  they  can  be  described 
by  a mean  called  the  projected  range,  R , and  the  standard 
deviation  of  the  projected  range  AR  (Ref  18:304-7;  20). 

Figures  1 and  2 represent  the  profiles  of  Ge  implanted  GaAs 
of  fluences  3x10^  ions/cm^  and  3x10’*^  ions/cm^.  All  were 
implanted  at  room  temperature  at  120  keV  (Ref  20)  . 

Another  advantage  offered  by  the  ion  implant  process  is 
low  temperature  implantation,  that  is  the  sample  temperature 
at  which  the  implantation  took  place.  Normally  ions  are 
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implanted  into  a sample  held  at  room  temperature  for  two 
reasons.  First,  the  material  used  to  selectively  mask  part 
of  the  wafer  against  the  implant  need  not  be  able  to  survive 


high  temperatures.  Second,  the  total  impurity  concentration 
at  various  depths  is  significantly  changed  so  that  unwanted 
diffusion  is  held  to  a minimum. 

'i  lie  fourth  and  f inal  major  advantage  of  ion  implantation 
is  that  it  offers  a simple  impurity  source.  It  is  sometimes 
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easier  to  obtain  an  ion  beam  of  a particular  impurity  element 
than  it  is  to  find  a diffusion  source  for  that  element. 

The  immediate  result  of  the  implant  process  is  that  it 
usually  creates  a thin  layer  of  material  at  or  near  the  surface 
of  the  crystal.  The  impurity  atoms  have  penetrated  the  sub- 
strate and  ore  at  rest  inside  it,  but  they  have  not  been 
activated  nor  have  the  damage  effects  of  all  the  displaced 
substrate  atoms,  which  result  from  an  implantation  step,  been 
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For  conditions  of  practical  importance  in  implantation, 
the  radiation  damage  produced  by  the  injected  ions  is  severe, 
and  the  crystal  must  be  carefully  annealed  if  the  electrical 
effects  of  the  implanted  ions  are  to  dominate  the  residual 
damage  (Ref  19:1083).  Gibbons  outlines  the  basic  defects  as 
those  caused  by  vacancies- - interstiti al  pairs  (Frenkel  defects), 
vacancies - impurity  pairs,  divacancies,  dislocation  lines  and 
loops,  and  vacancies  with  interstitial  platelets  (Ref  19:1064). 
Studies  have  been  made  on  GaAs  that  clearly  indicate  that  the 
degree  of  lattice  disorder  depends  directly  on  the  implant 
dose  (Ref  7:279).  Some  of  these  crystal  defects  can  cause 
luminescence.  Luminescence  centers  are  produced  when  the 
defects  introduce  electronic  states  within  the  band  gap.  Some 
are  so  near  the  center  of  the  band  gap  that  they  remain  union- 
ized even  at  room  temperature  and  act  as  recombination  centers 
for  free  electrons  and  holes  (Ref  13) . Once  the  implant  process 
is  complete,  residual  damage  exists  in  the  crystal.  This  is 
where  annealing  enters  the  picture. 

After  the  GaAs  sample  has  been  ion  implanted,  it  must  be 
annealed  to  remove  the  radiation  damaged  layers.  This  was 
accomplished  in  this  study  by  two  methods:  thermal  annealing 
and  laser  annealing.  In  the  following  section,  laser  annealing 
is  described,  previous  works  are  presented,  and  appropriate 
theory  is  reviewed. 


Laser  Annealing 

Laser  annealing  is  a relatively  new  approach  to  the  field 
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of  crystal  annealing.  It  consists  of  irradiating  an  ion  im- 
planted sample  with  a single,  short  pulse  of  intense  laser 
radiation.  Only  recently  has  it  been  shown  by  several  workers 
that  laser  radiation  can  be  successfully  used  to  anneal  the 
ion  implanted  regions  of  GaAs  (Ref  4:  21:  27:  28:  40).  This 
unique  method  offers  new  advantages  over  the  more  conventional 
method  of  thermal  annealing. 

First,  annealing  time  is  greatly  accelerated.  After  ion 
implantation,  the  thermal  annealing  of  samples  is  usually 
carried  out  at  600-1000°C  for  a specified  period,  such  as 
15-30  minutes.  The  shorter  anneal  times  possible  with  laser 
annealing  are  thought  to  be  due  to  a reduction  in  the  activation 
energy  of  defect  migration  because  of  ionization  (Ref  28:946). 

A second  advantage  of  laser  annealing  is  that  radiation 
defects  in  implanted  layers  can  be  annealed  without  heating 
the  bulk  sample.  Young  and  co-workers  (Ref  58:139)  have  found 
that  the  effects  of  laser  annealing  can  be  confined  to  the 
damage  region  by  the  proper  choice  of  wavelength  and  energy 
density . 

The  third  important  advantage  deals  with  the  temperature 
of  the  anneal.  By  employing  a focused  light  beam,  local 
annealing  at  different  temperatures  at  various  parts  of  the 
sample  is  possible. 

Not  only  is  the  irradiation  accompanied  by  heating,  but 
because  pulsed  laser  irradiation  is  characterized  by  a time 
constant  of  10  (single  pulse)  to  10  seconds,  it  is  accom- 
panied also  by  ionization,  shock  waves,  and  quenching.  These 
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factors  affect  the  removal  of  unwanted  defects  and  their  inter- 
action with  impurities  (Ref  29:445).  Young  and  co-workers 
(Ref  57:139)  observed  that  in  laser  annealed  silicon  samples 
there  was  substantially  less  residual  damage  than  in  the  ther- 
mally annealed  samples. 

To  induce  the  transition  of  an  amorphous  region  into  a 
single  crystal,  the  correct  threshold  laser  energy  density  must 
be  found,  assuming  one  exists.  Rimini,  e_t  a_l.  (Ref  42:154) 
accomplished  this  by  laser  annealing  several  silicon  samples 
to  establish  boundaries  within  which  was  located  the  correct 
energy  density  value.  This  threshold  energy  density  is  depend- 
ent on  the  thickness  of  the  amorphous  layer  as  well  as  the 
crystallographic  orientation.  Lower  values  of  the  energy 
density  produce  polycrystalline  materials  or  heavily  disordered 
crystalline  regions.  Higher  than  threshold  values  produce  sur- 
face damage  which  can  usually  be  detected  using  visual  methods 
(Ref  38) . 

This  method  is  the  impetus  for  the  investigative  efforts 
in  this  study  of  the  GaAs  samples  5,  6,  and  7 provided  by 
Mason  (Ref  38) . It  was  hoped  that  a boundary  about  the  thres- 
hold energy  density  c'uld  be  established  using  both  visual 
methods  and  cathodoluminescence . 

Kachurin  and  co-workers  (Ref  29:445)  suggest  that  there 
will  be  possible  surface  decomposition  during  the  laser 
annealing  of  uncapped  samples.  Since  all  laser  annealed  samples 
in  this  study  are  uncapped,  this  may  have  a direct  effect  on 
the  emission  spectra. 
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Other  relevant  phenomena  requiring  research  attention  exist. 


For  example,  studies  show  an  additional  absorption  of  light  in 
ion  implanted  samples  (Ref  38;  16:85).  After  laser  annealing 
the  implanted  sample,  the  light  transparency  returned  to  its 
original  value.  The  exact  mechanism  responsible  for  the  in- 
creased absorption  of  light  is  unknown.  A possibility  is  that 
this  phenomenon  is  linked  with  non-radi ative  centers  wherein 
energy  is  converted  to  heat  writhin  the  crystal.  Another  idea 
promulgated  by  Coates  (Ref  11:96)  is  that  due  to  disordering, 
optical  transitions  between  density  of  states'  tails  in  the 
forbidden  gap  cause  this  phenomenon  to  emerge. 

Another  example  of  notable  interest  is  the  mechanism  behind 
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which  an  amorphous  region  of  about  1000A  (angstroms)  is  able  to 
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crystallize  in  about  10  seconds  (Ref  31) . Rimini  and  co- 
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workers  point  out  (Ref  42:155)  that  to  grow  a 1000A  thick  amor- 
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phous  layer  in  10  seconds,  a growth  rate  of  10  A is  required. 

This  is  orders  of  magnitude  higher  than  the  maximum  rate  nor- 
mally used  for  growing  single  crystals  of  GaAs. 

In  light  of  these  considerations  and  the  threshold  energy 
density  values  found  in  the  amorphous  to  single  crystal  transi- 
tion of  Si  and  GaAs,  Rimini  (Ref  42:155)  makes  the  suggestion 
that,  in  laser  annealing,  the  processes  involved  could  be 
related  more  to  liquid  state  than  to  solid  state  epitaxy.  The 
energy  deposited  by  the  laser  pulse  in  the  absorbing  layer 
increases  the  layer  temperature  up  to  the  melting  point,  thus 
melting  the  damaged  layer. 

Numerous  methods  are  used  to  compare  laser  annealed  samples 
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with  thermal  annealed  samples.  These  include  surface  spreading 
resistance  measurements  (two-point  and  four-point  probes), 
Secondary  Ion  Mass  Spectroscopy  (SIMS),  Rutherford  backscatter- 
ing , channeling,  Transmission  Electron  Microscopy  (TEM) , and 
electrical  analysis  (Ref  34:149;  17:142).  To  date,  no  compari- 
son studies  have  been  published  on  laser  annealing  and  thermal 
annealing  using  cathodoluminescence . 

Electron  Ream  Penetration 

Cathodoluminescence  employs  electron  beam  energy  versus 
sample  penetration  depth  characteristics.  As  the  electron 
beam  energy  is  increased,  the  penetration  depth  into  GaAs 
increases.  Several  studies  have  been  made  to  determine  the 
penetration  depths  of  electrons  impinging  on  GaAs  samples  at 
an  angle  of  45°. 

In  1973,  Norris  and  co-workers  (Ref  39:3209)  used  the  uni- 
versal stopping  curve  to  calculate  that,  for  electron  beam  ener- 
gies of  5,  10,  and  20  keV,  the  electrons  penetrated  to  a depth 
of  about  1400,  4800,  and  16,000A,  respectively. 

Martinelli  and  Wang  (Ref  37:3351)  developed  an  empirical 
formula  by  investigating  electron  penetration  of  films  of 
various  thicknesses.  They  determined  the  maximum  penetration 
of  depth  of  5,  10,  and  15  keV  electrons  to  be  about  2800,  7800, 
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and  14,000A,  respectively. 

In  1978,  Cone  (Ref  12)  investigated  the  electron  penetra- 
tion depth  of  GaAs  using  the  Monte-Carlo  method.  The  results 
indicated  that  the  maximum  penetration  depths  of  5,  10,  and 


15  keV  electrons  should  be  approximately  1900,  5000,  and 
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11,300A,  respectively  (see  Fig  3).  A summary  of  all  three 
results  is  shown  in  Appendix  B.  It  should  be  emphasized  that 
the  greatest  amount  of  electron  energy  is  lost  near  the  surface 
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(within  2500A  at  15  keV)  rather  than  at  the  maximum  electron 
penetration  depth  for  that  energy. 

Impurities  and  Lattice  Vacancy  Comp c l_it_i_o n 

The  samples  used  throughout  the  present  study  are  known  to 
be  relatively  low  purity  and  often  contain  such  impurities  as 
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copper  (Cu)  , zinc  (Zn)  , silicon  (Si),  and  carbon  (C) . These 
native  impurities  under  conditions  of  various  annealing  tem- 
peratures, will  compete  for  lattice  vacancy  positions.  Hwang 
observed  (Ref  25:5353)  that  with  or  without  heat  treatment, 
external  sources  could  supply  sufficient  quantities  of  Cu  to 
saturate  the  crystal.  Today  it  is  widely  accepted  that  Cu 
diffuses  into  Cr-doped  (Si)  GaAs  substrates  such  as  those  used 
in  this  study. 

In  recent  studies,  Ashen  and  co-workers  (Ref  1:1051), 
Koschei,  et_  al  . (Ref  32:98)  and  Lidow,  ert  a_l.  (Ref  34)  concluded 
that  Zn,  C,  and  especially  Si  are  native  impurities  to  most 
GaAs  samples,  including  the  various  epilayers. 

Each  of  the  above  enumerated  impurities  has  a characteristic 
vapor  pressure,  diffusion  rate,  and  distribution  coefficient 
which  are  temperature  dependent.  Since  this  temperature  depen- 


dence exists,  the  different  impurities  are  thought  to  diffuse 
in  and  out  of  lattice  vacancies  at  different  rates.  This  is 
especially  important  when  considering  different  annealing 
temperatures  and  annealing  times.  Hwang  (Ref  25:5351)  found 
for  example,  that  during  thermal  annealing  at  T < 870°C,  Cu 
impurities  replaced  arsenide  vacancies  (V.  ) given  up  by  what 
is  believed  to  be  Zn  (Ashen  1:1051),  while  Si  apparently  re- 
mained affixed  to  its  and  gallium  vacancies  (V^a)  lattice 

points.  As  the  thermal  annealing  temperature  was  raised  to 
T >_  900°C  though,  both  Cu  and  Zn  yielded  vacancies  to  Si 
and  the  dominant  peak  shifted  to  one  attributed  to  Si.  , thus 
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converting  the  n-type  Cr-doped  (SI)  GaAs  substrate  to  p-type. 
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In  another  unrelated  study,  Koschei  and  co-workers 
(Ref  32:98)  observed  in  liquid  phase  epitaxy  (LPF.)  and  Cr-doped 
(SI)  GaAs  at  T = 740°C,  that  C atoms  transferred  from  Ga  to  As 
sites.  Additionally,  experiments  on  Si-doped  n-type  bulk  GaAs 
demonstrated  that  at  800°C,  Si  diffused  from  Ga  to  As  sites. 
Similar  results  are  also  reported  by  bum  and  Wieder  (Ref  35: 
213)  . 

In  1978,  Lum  and  co-workers  (Ref  36:3333)  investigated 
Ge-dopcd  GaAs  grown  by  LPE  methods.  Ge  is  primarily  a shallow 
acceptor  in  LPl:  GaAs.  Since  it  has  a lower  vapor  pressure 
than  Zn , as  well  as  a small  diffusion  and  distribution  coeffi- 
cient, its  impurity  level  was  easily  controlled.  They  con- 
cluded that  thermally  generated  V^g  in  the  vicinity  of  the 
interface  were  occupied  by  Ge  atoms  leading  to  a reduction  in 
deep- level  complexes  attributed  to  Vj\s~£j\s  and  a dominating 
(F-B)  spectral  peak  at  1.483  eV. 


III.  Experiment 


The  cathodoluminescence  system  and  the  procedures  used 
in  this  study  have  been  reported  in  previous  studies  (Ref  12; 
52:18).  For  additional,  detailed  information  these  works 
should  be  consulted. 

This  chapter  is  divided  into  the  following  main  areas: 
the  cooling  system,  vacuum  system,  electron  gun,  luminescence 
detection,  data  display,  sample  description,  and  experimental 
error.  For  a schematic  of  the  cathodoluminescence  system,  see 
Fig,  4. 

Cooling  System 

The  cooling  system  was  provided  by  an  Air  Products  and 
Chemical,  Inc.  liquid  Heli-Trans  Cooler  system.  This  system 
provided  an  optimum  temperature  at  which  cathodoluminescence 
spectra  induced  the  greatest  amount  of  information  from 
electron-hole  recombination  mechanisms  without  harming  the 
crystal  sample  being  investigated.  All  measurements  of  spectra 
were  made  with  this  system  cooled  down  by  liquid  helium  to 
temperatures  in  the  10°  K region. 

Vacuum  System 

The  vacuum  system  provided  pressures  down  to  10  Torr 
in  the  sample  chamber.  This  pressure  was  provided  by  a mech- 
anical pump  and  two  diffusion  pumps  with  a Union  Carbide 
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Fig.  4 Schematic  of  Cathodolumincscence  System 
(Ref  52:19) 
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Nitrogen  trap  to  act  as  a filter. 


Electron  Cun 

The  electron  gun  was  of  standard  design  and  originally 
manufactured  by  Hughes  Aircraft  Company,  Vacuum  Tube  Products 
Division.  The  gun  cathode  was  operated  at  5-15  keV  potential 
witli  the  anode  at  ground.  This  limit  was  placed  on  the  electron 
gun  since  voltages  higher  than  15  keV  were  found  to  cause  arcing 
in  the  system.  In  normal  operation,  the  Grid  1 and  Grid  2 
potentials  were  operated  at  0 and  200  volts,  respectively. 

The  electron  gun  housing  was  located  in  a mount  under  the 
mirror  block.  An  alignment  coil  was  installed  over  the  mirror 
block  to  correct  for  misalignment  of  the  gun.  Additionally, 
a centering  coil,  focus  coil,  and  deflection  coil  were  included 
to  position  the  electron  beam  generated  by  the  electron  gun 
onto  a 45°  angle,  inclined  sample  holder.  The  beam  current  was 
measured  by  directing  the  beam  from  the  sample  into  a Faraday 
cup . 

Detection  System 

From  the  sample  chamber,  the  induced  luminescence  from  the 
sample  traveled  through  a quartz  window  and  was  focused  onto 
the  spectrometer  slit  by  a piano  convex  quartz  lens  and  two 
spherical  quartz  lenses  mounted  on  an  Ealing  50  centimeter 
optical  bench.  One  convex  lens  has  a focal  length  of  10  centi- 
meters and  was  positioned  at  approximately  chis  distance  from 
the  samples.  The  other  two  lenses  of  25  cm  and  6.5  cm  focal 
length  were  in  the  same  mount  with  a fixed  separation  of  8 cm, 
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and  they  were  positioned  near  the  spectrometer  slit.  A Spectra- 
coat  Varipass  number  6S0  filter  of  set  6193  was  also  placed  in 

O 

the  mount  to  prevent  radiation  of  wavelengths  below  6500A  from 
entering  the  spectrometer  (Ref  5:23). 

The  luminescence  was  examined  by  a Spex  1702  3/4 -meter 
Czerny-Turner  spectrometer.  The  spectrometer  was  equipped 
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with  a 1200  lines/mm  grating  which  was  blazed  to  5000A.  A 
Spex  Model  1752-3  motor  drive  unit  and  Interface/Control  box, 
designed  and  constructed  by  G.  Gergal,  provided  external 
stepping  signals  to  the  spectrometer  (Ref  6:27;  15:19).  An 
RCA  C70007A  photomultiplier  tube,  operating  at  50°C  with  SI 
response,  was  used  to  detect  the  radiation  emission  scanned  by 
the  spectrometer. 

Data  Display 

The  photomultiplier  tube  converted  the  incident  radiation 
into  electrical  pulses  which  were  then  processed  by  a Model 
1121  Princeton  Applied  Research  Amplifier  Discriminator  and 
Discriminator  Control  Unit.  The  signal  was  then  amplified  by 
a Hewlett-Packard  amplifier.  From  the  Hewlett-Packard  ampli- 
fier, the  signal  was  passed  to  a Hewlett-Packard  Model  5400 
multi-channel  analyzer  (1024  channels)  for  counting. 

Sample  Description 

In  this  experiment  10  samples  were  investigated  using 
various  electron  beam  energies.  Samples  1,  2,  3,  and  4 
(Group  #1)  were  intended  to  provide  a basis  from  which  laser 
annealed  samples  could  be  properly  interpreted  using  comparison 
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TABLE  I 


Sample  Description 


Group 

Sample 

Control 

Code 

Type 
Anneal 1 

Fluence/ 
Type 
Implant  - 
(ions/cnr  ) 

Implant 

Temp2 

Implant 

Energy 

(keV) 

Anneal J 
Energy 
Density 
(j/cmZ) 

#1 

1 

48 

U . A . 

none 

2 

47 

U . A . 

3E14/Ge 

RT 

120 

3“ 

39 

T.A. 

3E1 3/ Ge 

RT 

120 

4M 

40 

T.A. 

3E14/Ge 

RT 

#2 

5 

51 

L.A. 

None 

> .24 

6 

49 

L.A. 

None 

= .24 

7 

50 

L.A. 

None 

>>  .24 

#3 

8 

42 

3E14/Ge 

RT 

120 

.24 

9 

43 

3E1 3/Ge 

RT 

120 

.252 

10 

41 

3E13/Ge 

RT 

120 

.24 

*U.A.  = Unannealed;  T.A.  = Thermal  Annealed;  L.A.  = Laser 

Annealed 

2RT  = Room  Temperature 

Calibrated  Laser  Annealed  Density  Values  (Ref  38) 

**These  samples  were  annealed  at  850°C  for  15  minutes 

techniques.  Samples  5,  6,  and  7 (Group  #2)  were  examined  to 
provide  threshold  density  information  in  addition  to  laser 
annealed  spectra  information.  Finally,  Samples  8,  9,  and  10 
(Group  #3)  provided  the  core  of  the  investigative  efforts. 

Table  I provides  a summary  of  specific  sample  information. 
All  samples  are  characterized  by  Cr-doped,  semi - insulating 
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(SI),  as-grown  GaAs  substrates.  Samples  3 and  4 have  1000A 
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Si caps,  while  all  other  samples  are  uncapped. 

All  the  samples  investigated  were  provided  by  the  Air  Force 
Avionics  Laboratory,  Wright-Patterson  AFB , Ohio.  Samples  5-10 
were  laser  annealed  by  Mason  in  a concurrent  study  (Ref  38) . 

His  work  should  be  consulted  for  a more  comprehens ive  look  at 
the  methods  used. 


Experimental  Error 


To  determine  the  degree  of  experimental  error,  the  following 
error  analysis  was  performed.  From 


X = [(x  + n)  - (y  + n)]L  + Xc  (6) 

where 

X = wavelength  of  spectrum  data  point 
x = channel  number  of  data  point 
y = channel  number  of  calibration  line  peak 

n = possible  e.rror  in  MCA  = + 1 channel 

i = wavelength  region  investigated  _ 17  7 7.8  _ , , , 

number  of  channels  used  in  MCA  1024 

O 

Xc  = 8014. 8A  (calibration  line  wavelength) 


Substituting  in  the  above  applicable  information  yields 
X = [(x  + 1)  - (y  + 1) ] 1 . 73611  + 8014. 8A 


Case  I.  Peaks  in  the  first  half  of  MCA  (for  example, 
x = 186,  y = 7) 

X = [(186  + 1)  - (7  + 1) ] 1 . 73611  + 8014. 8A 
X = [179  + 2]1. 73611  + 8014. 8A 
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^ 

\1  = 8322 . 0914A  (for  -2) 

X?  = 8329 . 0359A  (for  +2) 

rru  r . „ 12398.54  , . , . , 

Therefore,  since  E^  = ^ (evj  where  E^  is  the  spec- 

tral peak  energy,  a maximum  possible  error  of  1.24  meV  exists 
for  this  case. 

Case  II.  Peaks  in  the  second  half  of  the  MCA  (for  example, 
x = 652  and  y = 7) 

X = [(652  +1)  - (7  + 1) ] 1 . 73611  + 8014. 8A 
X = [645  + 2] 1 . 73611  + 8014. 8A 

X2  = 9131 . 1187A  (for  -2) 

X2  = 91 38 . 0631A  (for  +2) 

Therefore,  a maximum  possible  error  of  1.03  meV  exists  for 
this  case.  Hence,  these  results  indicate  that  recorded  emission 
spectra  are  accurate  to  within  approximately  +1  meV. 


27 


1 


i 


IV.  Results  and  Discussion 


The  data  presented  in  this  chapter  was  obtained  from  ten 
samples.  These  samples,  described  individually  in  the  previous 
chapter,  are  divided  into  three  areas  labeled  Group  #1,  Group 
#2,  and  Group  #3.  The  Group  #1  samples  represent  the  basis 
group  which,  through  comparison  with  the  other  two  groups, 
will  yield  more  informative  observations.  Group  #2  represents 
unimplanted  samples  examined  in  a effort  to  establish  the  thres- 
hold energy  density  for  laser  damage  in  low  purity  Cr-doped 
(SI)  GaAs.  Finally,  Group  # 3 contains  the  laser  annealed  ion 
implanted  (Ge)  samples.  As  noted  in  Chapter  II,  the  samples 
used  throughout  the  present  study  were  Cr+doped,  semi-insulat- 
ing crystals  of  GaAs.  Such  crystals  are  known  to  be  of 
relatively  low  purity  and  to  often  contain  such  impurities  as 
copper  (Cu) , zinc  (Zn)  , silicon  (Si),  and  carbon  (C) . Further, 
under  various  annealing  temperatures,  annealing  times,  and 
quenching  times,  the  different  native  impurities  will  compete 
for  lattice  vacancy  positions  induced  by  the  annealing  process. 
In  addition,  the  various  fluences  of  the  added  implant  element 
induce  damage  defects  by  the  implantation  process.  Therefore, 
the  emission  spectra  of  unannealed,  thermally  annealed,  and 
laser  annealed  samples  must  be  interpreted  by  considering  all 
of  these  factors. 

Cathodoluminesccnce  of  Group  #1 

Group  #1  is  composed  of  Samples  1,  2,  3,  and  4.  Samples  1 
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and  2 are  the  unannealed  unimplanted,  and  unannealed  3x1  O' 
ions/cm  Ge  implanted  samples,  respectively.  Samples  3 an 

are  the  thermally  annealed  Ge  implanted  samples  of  fluenccs 

13  2 14  2 

3x10  ions/cm  and  3x10  ions/cm  , respectively.  The  CL 

results  of  each  of  these  samples,  described  in  Chapter  III, 

will  be  discussed  individually  (see  Table  I). 

Sample  1.  A typical  spectrum  for  Sample  1 at  10°K, 

obtained  with  an  electron  beam  energy  of  10  keV,  is  shown  i; 

Fig  5(a).  The  near  band  edge  peak  located  at  1.515  eV  is 

attributed  to  unresolved  exciton  recombinations  (Ref  23;  4? 

55).  The  spectrum  indicates  additional  peaks  at  1.492,  1.4 

1.471,  1.407,  and  1.36  eV.  From  past  studies,  these  are 

attributed,  respectively,  to  (F-B)  C^s , (F-B)  Ge^g  from  tra 

elements,  V^s  related  defects,  V^-acceptor  complexes,  and  , 

weak  peak  due  to  CuGa  (Ref  1:1051;  9:1421;  26:4;  47:423).  1 

dominant  peak  appears  to  be  due  to  the  native  impurity  carbc 

As  can  be  seen  from  Appendix  B,  this  emission  excited  with 

10  keV  electrons  is  characteristic  of  luminescence  from  the 

O 

surface  to  a maximum  depth  of  about  5400A. 

Sample  2.  This  sample  was  probed  at  10°K  using  electro/ 
beam  energies  of  5,  10,  and  15  keV.  Typical  emission  spect 
(see  Fig  5(b))  indicated  surface  damage  at  the  5 keV  range. 

O 

10  keV  (maximum  depth  of  about  5400A),  the  luminescence  was 
characteristic  of  the  native  impurities  C (1.494  eV)  and  Zn 
(1.49  eV) ; also  observed  here  were  peaks  at  1.515,  1.469,  1. 
and  1.36  eV  (see  Fig  5(c)).  Luminescence  at  15  keV  (a  maxi, 
depth  of  about  1.1  pm),  shown  in  Fig  5(d),  essentially  indi 
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the  same  observed  peaks  with  the  difference  being  the  latter 
spectra  were  much  lower  in  intensity.  Since  the  implant  depth 

O 

is  about  1000A,  these  results  seem  to  support  the  contention 
that  the  spectral  results  are  characteristic  of  native  impuri- 
ties, and  that  the  Ge  implanted  atoms  are  on  non-radiative 
sites.  At  15  keV,  the  observed  peak  at  1.477  eV  is  attributed 
to  Ge . As  was  noted  in  Sample  1,  the  1.47  eV  peak  attributed 
to  VAs  rel  ated  defects  was  also  observed  in  this  sample.  It 
should  also  be  noted  that  at  10  keV  only,  a 1.36  peak  attri- 
buted to  Cu^s  was  observed  (Ref  25:5331;  54:254;  57:271). 
Furthermore,  the  1.40  eV  V^s-acceptor  complex  peak  and  the 
1.37  eV  Vga  defect  related  peaks  were  not  observed  in  this 
sample.  At  10  keV,  the  1.49  eV  (Zn)  and  1.47  eV  (V . defects) 
peaks  were  nearly  equal  in  dominance,  while  at  15  keV,  the  1.47 
eV  band  was  the  predominant  peak. 

Sample  3.  Typical  spectra  for  Sample  3 at  10°K  for  the 
different  excitation  energies  of  5-15  keV  are  shown  in  Figs  6 
and  7.  At  5 keV,  the  dominant  peak  was  the  1.398  eV  band.  As 
the  excitation  energy  was  increased  to  7.5  keV,  the  1.398  eV 
peak  became  less  dominant  in  comparison  to  the  1.36  eV  band 
until  finally  at  15  keV,  the  1.36  eV  band  dominated  the  1.398 
eV  band. 

The  literature  indicates  that  the  1.398  eV  band  is  associ- 
ated with  VAs  -acceptor  complexes  (Ref  8:144).  This  present 
data  tends  to  support  this  contention.  As  one  probes  deeper 
into  the  sample,  the  relative  intensity  of  the  1.398  eV  band 
compared  to  the  1.36  eV  band  significantly  decreases  in 
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The  CL  Spectra  Obtained  at  10°K  on  Sample  3 
at  5,  7.5,  and  10  keV 
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agreement  with  the  above  contention  that  arsenide  diffuses 
outward  leaving  arsenide  vacancies  behind  (Ref  9:1422). 

Since  the  Cu  impurity  is  assumed  to  be  present  in  this 

sample  as  a native  impurity,  the  Cu  peak  (1.36  eV)  was  chosen 

to  normalize  all  other  peaks.  The  literature  indicates  that 

the  1.36  eV  band  is  due  to  a Cu  impurity  migrating  onto  gallium 

vacancies  (Ref  54:253).  Chang  and  co-workers  (Ref  8:145), 

however,  contend  that  this  band  is  due  to  VGa , while  a 1.37  eV 

band  is  due  to  Cu~  . Since  these  are  within  the  limits  of  the 

Ga 

experimental  error  of  this  experiment,  the  1.36  eV  will  be 
referred  to  as  an  unresolved  VGa  defect  and  CuGa  band  when 
there  is  doubt  one  way  or  the  other.  In  different  situations, 
such  as  SiC^  or  Si^N^  capped  samples  versus  uncapped  samples, 
one  seems  to  be  favored  over  the  other,  thus  reducing  the  sig- 
nificance of  the  controversy  in  the  literature  (Ref  10:317). 

At  5 keV,  the  1.487  eV  and  1.474  eV  bands  are  totally 
dominated  by  the  VAs-acceptor  complex  related  band  (1.398  eV) 
and  the  Cu^a  (1.36  eV)  band.  (In  this  case,  the  1.36  eV  band 
is  designated  as  a CuGa  since  it  is  consistently  strong  at  all 
depths.)  At  7.5  keV,  the  1.488  eV  and  1.475  eV  bands  increase 
in  intensity  with  the  1.488  eV  peak  the  dominant  of  the  two. 

At  10  keV,  the  1.488  eV  peak  exceeds  the  intensity  level  of 
the  V^s-acceptor  complex  related  peak,  while  the  1.478  eV  peak 
remains  at  half  the  intensity  of  the  1.488  eV  band.  Lumines- 
cence from  13  keV  electrons  indicates  the  1.488  eV  band  has 
increased  in  intensity,  while  the  1.476  eV  band  remained  at 


the  same  intensity  relative  to  the  1.398  eV  band.  At  15  keV, 


i 


the  1.488  eV  band  increased  still  more  in  intensity  compared 
to  the  1.398  eV  band,  while  the  1.477  eV  level  remained  essen- 
tially at  the  same  relative  position  noted  in  the  10  keV  and 
13  keV  probes. 

The  1.488  eV  band  appears  to  increase  in  intensity  as  one 
probes  deeper  into  the  crystal.  Ashen,  et  al.  (Ref  1:1051) 
assign  a peak  at  1.488  eV  to  a (F-B)  transition  with  a Zn 
acceptor.  Since  the  samples  probed  in  this  experiment  are  of 
lower  purity  than  those  investigated  by  Ashen,  one  might  expect 
to  find  Zn  at  a lower  energy  as  a result  of  band  tailing. 
Although  this  sample  is  capped,  Zn  still  out-diffuses  since  the 
densities  of  the  cap  and  sample  are  nearly  the  same.  This 
supports  the  observation  of  an  increasing  1.488  eV  level  as  one 
probes  deeper.  This  idea  applies  also  to  the  1.398  eV  band 
since  As  is  known  to  diffuse  outward  if  the  sample  is  not  SiC>2 
capped  or  under  As  pressure  during  thermal  annealing  (Ref  51: 
54).  Figure  7 shows  that  at  the  different  excitation  energies, 
the  position  of  the  1.488  eV  peak  remains  constant.  This  seems 
to  indicate  the  existance  of  an  unintentionally  doped  impurity 
in  the  sample.  For  these  reasons,  then,  it  appears  that  the 
1.488  eV  peak  is  due  to  residual  Zn  impurities  found  in  the 
GaAs  substrate. 

Ashen,  e_t  al.  (Ref  1:1051)  identify  the  Ge  (F-B)  peak  at 
1.479  eV.  Because  the  energy  is  expected  to  be  shifted  to  a 
lower  value  in  a low  purity  sample,  the  1.475  eV  peak  observed 
in  the  spectra  is  attributed  to  GeAs . Figure  7 shows  the  fact 
that  as  the  excitation  energy  increased,  the  1.475  band 
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shifted  (increased)  about  3 meV  in  energy.  From  Fq  (3), 
using  a value  of  E^  = 6 meV  (Ref  46:2225)  and  E^  = 38  meV 
(Ref  43:263),  the  spectral  emission  for  a (D-A)  is  1.475  eV. 
Schairer  identifies  the  1.478  band  as  a possible  LO  phonon 
replica  of  the  1.534  eV  exciton  related  band  (Ref  47:423). 
Throughout  all  the  measurements,  the  1.514  eV  band  has  been 
present.  Based  on  the  intensity  levels  of  the  1.514  band 
versus  the  1.478  eV  bands,  however,  one  discounts  the  possibil- 
ity of  the  phonon  replica  contention. 

Sample  4.  This  sample  was  investigated  using  electron 
beam  energies  of  5,  10,  and  15  keV  (see  Figs  9 and  i0) . These 
correspond  to  maximum  depths  of  penetration  of  approximately 

O O 

1900A,  5400A,  and  1.1  pm,  respectively.  Since  this  sample  has 
a 1000A  Si.^  cap,  the  actual  substrate  penetration  depths  are 

O O 

estimated  to  be  900A,  4400A,  and  1 pm(Ref  12). 

At  5 keV,  the  1.515,  1.492,  1.489,  1.474,  1.445,  1.403, 

1.36  and  1.322  eV  bands  were  observed.  As  the  excitation  energy 
increased  to  10  keV,  the  1.515  eV  and  1.489  eV  band  intensities 
increased  significantly  above  those  of  the  previously  observed 
peaks.  At  15  keV,  the  1.489  eV  peak  dominated  all  other  peaks. 

Evaluation  of  the  simple  center  peaks  shown  in  Fig  11  pro- 
duced similar  information  as  that  found  in  Sample  3.  The 
1.515  eV  was  constant  throughout  the  investigations  at  differ- 
ent excitation  energies.  This  peak  is,  of  course,  attributed 
to  an  unresolved  exciton  complex.  Within  the  limits  of  the 
experimental  error,  this  peak  could  be  due  to  free  excitons  or 
excitons  bound  to  neutral  donors  (Ref  23:464).  The  1.491  eV 
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shoulder  observed  at  5 keV,  shown  in  Fig  9(b),  is  attributed 
to  C^s  (Ref  1:1051).  The  1.475  eV , noted  in  Sample  3,  is  again 
observed  in  these  spectra.  It  is  attributed  to  a possible  Ge 
donor  band-Ge  acceptor  band  recombination.  One  should  note 
that  in  Fig  9,  again  the  1.475  eV  band  was  observed  to  increase 
in  energy  about  3 meV  over  an  excitation  energy  range  of  5-15 
keV . 


The  1.459  eV  band  is  thought  to  be  a LO  phonon  from  an 
unresolved  1.494  eV  carbon  acceptor  recombination.  This  claim 
is  based  on  the  observed  low  intensity  of  the  1.459  eV  peak. 

In  addition,  the  1.491  eV  peak  seems  to  indicate  the  presence 

of  CAs ‘ 

The  1.403-8  eV  band  indicates  a distinct  increasing  shift 
with  increasing  excitation  energies.  This  peak  is  generally 
considered  to  be  due  to  VAs-acceptor  complexes.  The  acceptor 
is  possibly  Ge  since  it  is  the  primary  dopant.  Koschei  and 
co-workers  attributed  cAs'vAs  to  the  1.413  eV,  while  SiAg- 
V^s  corresponds  to  the  1.409  (Ref  32:99).  Therefore,  it  is 
possible  that  the  1.403-8  corresponds  to  GeAs-VAs,  but  more 
research  is  required  to  harden  this  plausibility  argument.  At 
5 keV,  the  1.40  eV  and  1.36  eV  peaks  are  of  equal  intensities. 
As  the  penetration  depth  is  increased,  the  1.40  eV  band  de- 
creases while  the  1.36  eV  band  remains  essentially  constant. 
This  clearly  supports  the  claim  that  the  1.4U  eV  is  attributed 


to  V^-acceptor  complexes,  possible  Ge  as  noted  above.  The 
1.36  eV  is  attributed  to  Cu^.  Since  the  Si^N^  cap  serves  the 
purpose  of  containing  gallium  atoms,  spectral  characteristics 
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associated  with  gallium  vacancies  are  not  to  be  expected  (Ref  9: 
1421)  . 


i 

k 


The  origin  of  the  1.445  eV  peak  is  not  certain  at  this 
time.  However,  at  20°K  a new  Ge  line  was  identified  at  1.454 
eV  in  Ge  doped  GaAs  by  Williams  and  Elliot  (Ref  55:1657).  This 
line  was  attributed  to  V^g-Ge^s  complexes  and  may  account  for 
the  1.457  eV  observed  at  10  IceV  and  15  keV.  At  10°K  this  may 
explain  the  1.445  eV,  but  more  temperature  variation  experi- 
ments are  required  to  substantiate  this  possibility.  Another 
possibility  is  that  a native  impurity  is  involved  on  the  surface 
layer  with  the  V^-^cceptor  complex  causing  the  1.445  eV  peak. 
Kusano  suggests  in  a recent  study  (Ref  30:4021)  a diatomic 
donor  or  acceptor  complex  model  that  may  explain  the  1.445  eV 
and/or  1.471  eV  in  more  detail.  Finally,  the  1.322  eV  band  is 
attributed  to  a LO  phonon  replica  of  the  1.36  eV  Cu^a  band, 
based  on  its  approximate  separation  energy  of  36  meV. 


Cathodoluminescence  of  Group  #2 

Group  #2  consists  of  samples  5,  6,  and  7.  These  samples 
are  all  unimplanted  and  laser  annealed  at  various  energy  den- 
sity values  as  noted  in  Table  I,  page  25.  The  CL  results  of 
each  of  these  samples  will  be  discussed  individually. 

Sample  5.  A typical  spectrum  of  Sample  5 is  shown  in 
Fig  12(a).  This  spectrum  was  made  at  10°K  using  an  electron 
beam  energy  of  10  keV.  A 1.515  eV  band  attributed  to  unre- 
solved excitons,  a 1.489  eV  band  thought  to  be  due  to  Zn,  and 
a 1.468  eV  band  possibly  attributed  to  V^s  defects  were  the 
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only  spectral  peaks  obtained.  The  intensity  of  this  spectrum 
was  extremely  low,  indicating  that  non-radiative  centers  char- 
acteristic of  heavy  damage  were  dominant  in  this  sample.  The 
dominant  peak  was  the  1.468  eV  (damage  related  ) peak. 

This  sample  has  a luminescent  intensity  two  orders  of  mag- 
nitude less  than  that  obtained  in  Sample  1.  The  1.515  eV  band 
is  observed  in  both  spectra  as  is  the  1.468  eV  band.  A distinc- 
tive difference  though  is  the  lack  of  a induced  band  in 

this  sample.  It  should  also  be  pointed  out  that  the  lower 
energy  peaks  (below  1.468  eV)  observed  in  Sample  1 are  not 
observed  in  this  sample. 

Sample  6.  This  sample  was  investigated  at  10°K  using  an 

electron  beam  of  10  keV  (see  Fig  12(b)).  This  sample  was 
«<* 

characterized  by  the  1.515,  1.489,  1.486,  1.470,  and  1.433  eV 
bands.  These  correspond  to,  respectively,  unresolved  excitons, 
ZnAs*  SiAs ’ damage  related  VAs , and  a LO  phonon  of  the  1.470 
band.  The  spectra  showed  an  order  of  magnitude  more  intensity 
than  Sample  5.  Again  though,  the  1.47  eV  peak  was  the  predomi- 
nant peak.  It  should  be  noted  that  in  this  sample,  the  laser 
anneal  seems  to  have  induced  SiAs  to  become  an  observable  peak, 
totally  dominating  the  ZnAg  related  peak. 

Noticeable  differences  between  this  sample  and  Sample  1 
exist.  For  example,  the  CAg  peak  which  was  dominant  in  Sample 
1 is  no  longer  observed  in  this  sample.  Additionally,  the 
1.470  eV  peak  observed  in  Sample  1 is  the  dominant  peak  in  this 
sample.  Finally,  as  was  noted  in  Sample  5,  no  luminescence  was 
observed  below  1.433  eV. 
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Sample  7.  This  sample  was  totally  non-radiative  in  the 
1.2  eV  to  1.52  eV  range.  At  10°K  and  at  various  excitation 
energies  in  the  range  5-15  keV  at  1 yamp,  no  luminescence  was 
detected . 

Cathodoluminescence  of  Group  #5 

This  section  contains  the  observations  of  the  emission 
spectra  obtained  from  three  laser  annealed  samples.  These 
samples  are  Sample  8,  Sample  9,  and  Sample  10.  These  will  be 
described  individually. 

Sample  8.  Figure  13  presents  the  typical  spectra  obtained 
at  10°K  using  electron  beam  energies  of  5,  10,  and  15  keV.  The 

O 

spectra  obtained  from  the  surface  to  about  1900A  contained  the 
1.447  eV  and  1.36  eV  peaks.  Higher  energy  peaks  were  not 
observed  in  this  sample  at  5 keV  beam  energies. 

The  1.447  eV  is  thought  to  be  possibly  related  to  Y^s-GeAs 
complexes  or  diatomic  complexes  involving  donors  or  acceptors 
(Ref  30:4021;  55:1657).  The  only  basis  for  this  contention  is 
that  it  is  known  that  this  sample  has  been  heavily  implanted. 

If  no  annealing  has  taken  place  or  even  partial  annealing  has 
taken  place,  then  the  formation  of  diatomic  donor  or  acceptor 
complexes  from  a heavy  resource  of  interstitial  Ge  atoms  is 
within  the  realm  of  possibility.  It  should  be  noted  that  the 
1.447  eV  has  not  been  observed  in  unimplanted  samples. 

The  1.36  eV  is  attributed  to  the  Cu^a  band.  This  claim 
is  based  on  several  factors.  First,  this  sample  is  uncapped. 
This  allows  the  out-diffusion  of  gallium  atoms  to  go  unchecked. 
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A second  factor  is  the  presence  of  Cu  impurities.  Since  Cu^a 
induced  peaks  were  observed  in  the  Si^N^  capped  thermal  annealed 
samples,  the  statement  that  Cu  is  indeed  present  is  fully  justi- 
fied. Therefore,  since  defects  are  expected  to  be  low,  the 
1.36  eV  band  is  attributed  to  Cu^. 

O 

From  the  surface  to  a depth  of  about  S400A,  the  lumines- 
cence peaks  observed  were  the  1.513,  1.493,  1.490,  1.483,  1.471, 
and  the  1.36  eV  peaks.  These  correspond,  respectively,  to  un- 
resolved excitons,  C^s , Zn^s , Si^s>  V^s  damage  (defect  related), 
and  CUga.  These  have  been  described  in  previous  samples. 
Especially  noteworthy  here  is  the  fact  that  this  spectrum,  at 
10  keV,  provided  the  same  peak  information  as  that  obtained 
from  Sample  2 at  10  keV,  except  that  the  intensity  from  this 
sample  was  an  order  of  magnitude  less. 

At  15  keV  (a  maximum  penetration  depth  of  about  1.1  pm) , 
the  intensity  dropped  again  by  nearly  an  order  of  magnitude. 

In  this  spectrum,  the  1.514,  1.491,  1.469,  and  1.36  eV  peaks 
were  observed.  These  have  been  previously  described.  Again 
this  extremely  low  intensity  count  seems  to  indicate  severe 
damage  since  there  is  an  excessive  number  of  non-radiative 
centers . 

Sample  9.  Typical  spectra  of  Sample  9,  measured  at  10°K, 
produced  by  5,  10,  and  15  keV  electron  beam  energies  are  shown 
in  Fig  14.  The  significant  surface  layer  peaks  obtained  at 
5 keV  were  1.480,  1.455,  1.448,  and  1.36  eV. 

The  1.480  eV  band  is  attributed  to  Ge^s  (Ref  1:1051). 

The  1.455  eV  and  1.448  eV  peaks  have  been  previously  attributed 
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to  possible  V As-GeAs  complexes  and  diatomic  complexes,  respec- 
tively. The  1.36  eV  band  is  attributed  to  Cu^a , as  noted  in 
the  previous  sample.  It  should  be  noted  that  the  intensity  of 
this  spectrum  is  very  low,  indicating  probable  severe  surface 
damage . 

At  10  keV  the  1.514,  1.484,  1.468,  and  1.432  eV  bands  are 
observed.  The  1.484  is  attributed  to  SiAs(Ref  1).  The  domi- 
nant peak,  1.468  eV,  is  thought  to  be  VAj.  defect  related  as 
noted  earlier.  The  1.432  appears  to  be  a LO  phonon  replica  of 
the  1.468  eV  band  since  it  has  a rough  separation  energy  of 
36  meV.  It  is  noteworthy  that  this  spectra  is  similar  to  the 
spectrum  of  Sample  2,  except  that  SiAs  has  seemingly  replaced 
the  ZnAs  peak  and  the  intensity  of  this  spectrum  is  an  order  of 
magnitude  less.  One  should  also  note  that  the  ion  implant 
concentrations  are  different  by  an  order  of  magnitude. 

At  15  keV  the  1.513,  1.495,  1.489,  1.470,  1.432,  and  1.36 
eV  bands  are  observed.  They  have  been  previously  attributed 
to  unresolved  excitons,  CAg,  ZnAg , VAs  defect  related,  LO 
phonon  replica,  and  Cu^.  At  this  maximum  penetration  depth 
of  1.1  pm,  the  dominant  peak  is  observed  to  be  due  to  ZnAg 
(1.489  eV) . At  this  penetration  depth,  the  luminescence  inten- 
sity was  found  to  be  moderately  high,  surpassed  only  by 
(thermally  annealed)  Sample  3. 

This  spectrum  closely  approximates  that  of  Sample  4.  The 
main  difference,  aside  from  the  luminescence  intensities,  is 
that  this  sample  has  a characteristic  1.468  eV  VA<.  damage 
related  peak.  Since  the  luminescence  intensity  is  moderately 


r 1 

high  and  this  spectrum  nearly  coincides  with  that  of  Sample  4, 
one  might  contend  that  some  laser  annealing  in  this  region 
took  place.  The  criteria  used  here  is  that  of  high  concentra- 
tions of  radiative  centers  and  low  damage  related  peak 
intensities . 

Comparing  the  spectra  of  the  various  penetration  depths  of 
this  sample,  one  notes  some  interesting  observations.  At  5 keV 

j I 

the  spectrum  was  characterized  by  the  GeAs  (1.480  eV)  and 
probable  diatomic  donor  or  acceptor  complex  related  (1.447 
eV)  peaks.  At  10  keV  a complete  change  took  place.  The 
spectrum  was  characterized  by  the  SiAg  (1.484  eV)  and  VAs  damage 
related  (1.468  eV)  peaks.  Then,  at  15  keV,  a change  took  place 
again.  This  time  the  spectrum  was  characterized  by  the  ZnAg 
(1.489  eV)  and  VAg  damage  related  (1.468  eV)  peaks.  These 
results  seem  to  indicate  that  temperature  plays  a very  important 
role  in  laser  annealing,  if  indeed,  temperature  is  responsible 
for  the  lattice  vacancy  competition  among  the  various  impuri- 
ties . 

» 

Sample  10.  Sample  10  was  investigated  using  an  electron 
beam  energy  of  10  keV  at  10°K.  The  spectrum,  shown  on  the  next 
page  in  Fig  15,  is  characterized  by  only  two  main  peaks  of  mod- 
erate luminescence  intensity.  These  were  the  1.489  eV  peak 
attributed  to  ZnAg  and  the  1.409  eV  peak  attributed  to  VAg- 
acceptor  complexes.  Lower  energy,  but  unresolved,  peaks  were 
present.  These  contributed  no  useful  information  and  were, 
therefore,  not  considered  any  further. 

Especially  noteworthy  in  this  sample  was  the  observation 
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Fig  15.  The  CL  Spectrum  Obtained  at 
10°K  on  Sample  10 

that  above  1.409  eV,  the  non- radiative  centers  dominated  the 
normally  radiative  centers,  except  at  1.489  eV. 

This  sample  is  similar  to  Sample  3 in  the  region  of  the 
1.409  eV  peak  through  lower  energies.  For  energies  above 
1.409  eV,  this  sample  is  similar  in  that  the  1.489  eV  band  is 
also  found  in  Sample  3.  The  major  difference  between  the  two 
samples  lies  in  the  fact  that  this  sample  has  no  observed 
peaks  at  1.478  eV  or  1.455  eV.  The  lack  of  these  peaks, 
attributed  to  Ge , seems  to  indicate  the  lack  of  sufficient 
laser  annealing. 
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V.  Conclusions  and  Recommendations 


L 


Conclusions 

Cathodoluminescence  was  utilized  to  investigate  germanium 
implanted  GaAs  with  an  emphasis  on  the  effects  of  laser  anneal- 
ing. The  laser  annealed  samples  were  provided  from  a thesis 
study  performed  concurrently  with  this  experiment  (Ref  37) . 

Due  to  the  magnitude  of  this  research  project,  this  study  repre- 
sents only  a portion  of  the  total  effort  to  characterize  Ge 
implanted- laser  annealed  GaAs.  Therefore,  any  conclusions 
presented  at  this  time  are  tentative  and,  in  fact,  are  basically 
the  significant  observations  obtained  from  the  study.  Presently 
experimental  data  is  still  being  collected,  and  a more  complete 
set  of  conclusions  concerning  recombination  theory  of  laser 
annealed  Ge:GaAs  is  thus  anticipated  in  the  near  future.  The 
primary  observations  drawn  from  this  study  are  the  following: 

(1)  At  10  keV  and  15  keV  the  U.A.  sample  was  strongly 
characterized  by  the  1.47  eV  V^-defect  related  peak.  At  these 
same  electron  irradiation  energies,  the  thermal  annealed 
samples  showed  no  evidence  of  the  damage  related  1.47  eV  peak. 
The  thermal  annealed  samples  showed  Ge  related  peaks.  Although 
low  in  intensity,  no  Ge  related  peaks  were  observed  in  the  U.A. 
implanted  sample. 

(2)  At  10  keV  and  15  keV  the  laser  annealed  implanted 
samples  were  characterized  by  extremely  low  luminescence  in 
comparison  to  the  thermal  annealed  samples.  Additionally,  the 
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spectra  of  the  laser  annealed  samples  were  characterized  by 
dominant  1.47  eV  energy  peaks. 


The  laser  annealed  sample  spectra  in  comparison  to  the 
spectra  of  the  unannealed  samples  were  characterized  by  nearly 
the  same  energy  peaks.  Thus,  it  is  highly  suggested  that  due 


to  the  above  noted  observations,  the  laser  anneal  samples  are 
not  sufficiently  annealed.  Ge  related  energy  peaks  due  to 
implant  annealing  were  not  observed  in  the  laser  annealed  Ge 
implanted  samples. 

(3)  The  unimplanted  laser  annealed  samples  were  character- 
ized by  very  low  to  no  detectable  luminescence.  When  irradiated 
with  10  keV  electrons,  the  luminescence  of  the  samples  was 
characterized  by  a dominant  peak  at  1.47  eV.  Thus,  the  very 
low  level  of  luminescence,  coupled  with  the  dominant  1.47  eV 
energy  peak,  strongly  indicates  a heavily  damaged  area  in  these 

O 

samples  within  a depth  of  about  5400A. 

The  secondary  observations  are  the  following: 

(1)  The  laser  annealed  samples  were  characterized  by 
severe  surface  damage.  This  fact  was  ascertained  by  noting  the 
dramatic  changes  between  spectral  emissions  obtained  at  5 keV 
and  those  obtained  at  10  and  15  keV.  These  results  seem  to 
indicate  that  the  laser  anneal  temperature  might  play  a very 
important  role  in  the  annealing  process.  Additionally,  these 
results  suggest  that  capping  samples  prior  to  laser  annealing 


or  etching  the  surface  layer  (approximately  1900A)  following 
the  laser  anneal  process  may  be  necessary. 

(2)  The  1.493  eV  peak  was  observed  only  in  the  unannealed 
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samples  and  in  the  (3E14  and  3F13)  laser  annealed  samples  (8  and 
9).  It  is  attributed  to  a (F-B)  recombination  mechanism. 

The  fact  that  was  observed  in  only  laser  annealed  samples, 

and  then  only  as  a shoulder,  suggests  that  annealing  causes 
carbon  to  yield  its  radiation  centers  to  another  impurity. 

(3)  The  1.489  eV  peak  was  present  in  all  samples  except 

Sample  1 and  Sample  9 at  10  keV.  This  peak  was  attributed  to  a 

(F-B)  Zn^s  recombination  mechanism.  The  presence  of  Zn Ag  in 
nearly  all  samples  suggests  that  carbon  yields  its  V^g  to  Zn 
during  annealing  or  heavy  ion  dose  implantations.  In  the  case 
of  the  3E13  laser  annealed  sample  (Sample  9),  the  1.484  eV 
peak  attributed  to  Si  seems  to  have  dominated  the  C and  Zn 
previously  controlled  radiation  centers.  This  peak  remained 
essentially  constant  over  an  electron  beam  excitation  energy 
range  of  5-15  keV. 

(4)  The  1.479  eV  peak  was  present  only  in  the  thermally 
annealed  samples  with  a possible  peak  due  to  Ge  traces  observed 
in  the  unimplanted-unannealed  sample.  This  peak  is  presently 
attributed  to  a (D-A)  pair  recombination  involving  Ge^a  and 
GeAs,  but  more  experiments  in  temperature  variation  are  required 
to  confirm  this  contention.  The  presence  of  this  peak  only  in 
the  thermal  annealed  samples  strongly  suggests  the  possibility 
that  the  induced  disorder  and  damage  in  the  laser  annealed 
implanted  samples  was  not  removed  by  the  laser  annealing.  A 
second  possibility  is  that  the  lattice  order  has  been  restored 
by  the  laser  annealing  but  that  the  Ge  ions  did  not  move  into 


substitutional  sites. 
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(5)  The  1.469  eV  peak,  attributed  to  damage  related  defects, 
was  present  in  all  but  the  thermally  annealed  samples  and  Sample 
10.  Again,  this  suggests  the  possibility  of  insufficient  an- 
nealing in  the  laser  annealed  samples. 

(6)  The  1.455-9  eV  peak,  attributed  to  Ge,  was  present 
only  in  the  thermal  anneal  samples.  The  literature  indicates 
this  peak  to  be  attributed  to  a V^g-Ge^  complex.  Therefore, 
this  peak  appears  to  be  possibly  yet  another  indication  of  a 
fully  annealed  ion  implanted  sample. 

(7)  The  1.407-9  eV  peak,  attributed  to  V^-acceptor 
complexes,  was  present  only  in  the  3E13  thermal  annealed  sample 
and  the  second  3E13  laser  annealed  sample  (Sample  10) . 

(8)  The  1.36  eV  peak  was  present  in  all  non-laser  annealed 
samples  and  in  the  3E14  laser  annealed  sample.  This  appears  to 
indicate  the  presence  of  Cu  in  most  samples.  Since  no  Cu  peak 
was  observed  in  Samples  5,  6,  and  9,  this  probably  indicates 

a lack  of  thermally  generated  gallium  vacancies.  This,  of 
course,  can  be  explained  by  the  time  frame  in  which  the  laser 
anneal  process  takes  place. 

(9)  Probably  the  most  notable  of  all  observations  is  that 
concerning  the  dominant  peaks  (1.489  eV)  in  the  thermal 
annealed  samples.  The  spectral  emissions  of  these  samples  were 
expected  to  reflect  strong  Ge  peaks  at  1.478  eV  rather  than  at 
1.489  eV. 

In  summary  then,  the  following  points  should  be  noted.  Due 
to  observation  (1) , items  (2)  - (9)  are  the  result  of  the 
spectral  emissions  generated  by  10  keV  and  15  keV  electron  beam 
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energies  only.  Also,  the  fact  that  Sample  7 presented  no 
radiative  luminescence  information  appears  to  be  due  to  the 
extensive  laser  energy  density  deposited  on  this  sample. 

Recommendations 

As  a result  of  this  study,  several  recommendations  are 
suggested  in  areas  requiring  a more  extensive  research  effort. 
These  recommendations  include  the  following: 

(1)  To  provide  additional  evidence  of  the  originating 
recombination  mechanisms  of  the  observed  energy  peaks,  addition- 
al spectra  emissions  need  to  be  obtained  over  different  tem- 
perature ranges. 

(2)  Hall  measurements  should  be  made  on  the  various  samples 
to  yield  further  evidence  on  the  impurities  responsible  for  the 
observed  energy  peaks. 

(3)  Because  of  the  heavy  surface  damage  on  the  laser 
annealed  samples,  it  is  highly  recommended  that  the  first 

O 

approximate  1900A  layer  be  etched  off  and  then  to  have  the 
samples  probed  again.  Sample  7,  for  example,  may  then  be  found 
to  yield  luminescence  spectra. 

(4)  A wider  range  of  fluences  of  unannealed,  thermal 
annealed,  and  laser  annealed  samples  should  be  examined. 

(5)  To  provide  additional  insight  into  thermal  annealed 

O 

Ge  implanted  GaAs , it  is  recommended  that  the  1000A  Si^N^  caps 
be  etched  from  such  samples.  This  would  allow  deeper  penetra- 
tion of  the  electron  beam  for  the  energies  used  in  this  study. 
This  would  yield  more  information  that  would  more  clearly 
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delineate  the  trends  of  peak  energies  versus  excitation 
energies.  It  would  also  yield  much  more  information  concerning 
the  recombination  mechanisms  involving  Ge . 
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APPENDIX  A 

GaAs  Values  of  Interest 


Band  Gap  (Eg) 
1 0°  K 
300°K 


1.521 

1.43 


Dielectric  Constant(e) 


10.9 

12.5 


Absorption  Coefficient  (a) 

He-Ne  laser  line 
Ruby  laser  line 

5 - 2y  = A for  SI  GaAs  0.3  - 0.5  cm  1 2 at  .24 -.62  eV 


4.6  x lO^cm  * at  2 eV 

2 x 10^  cm  * at  1.7857  eV 
-1 


5 - 2y  = A for  Te:GaAs 
(unannealed) 


5 x 103 4  cm'1  at  .248-. 62  eV 


Donor  Energy  (EQ) 


6.0 

6.08 


l 

l 

1 

2 

3 

4 

5 

5 

6 
7 


Acceptor  Energy  (E^) 

Isolated,  atomic  complexes  30,70  meV 

Hall  measurements,  photoluminescence  35,38  meV 
Epitaxial  GaAs  layers  41.2  meV 

Vapor  Phase  Epitaxy,  T 20°K  42±1  meV 


Density  of  GaAs 


1 (Ref  51:20) 

2 (Ref  50:1603) 

3 (Ref  22:123) 

4 (Ref  28:946) 


5.3 


5 (Ref  4:339) 

6 (Ref  46:2228) 
7 (Ref  50:1603) 
8 (Ref  33:4059) 


g/cm3 


9 (Ref  43:264) 

1 0 (Ref  53 : L243) 
1 1 (Ref  46 : 2227) 
12 (Ref  28:946) 
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I 


Various  Estimates  of  Electron  Beam  Penetrations 


Beam 

Energy 

(keV)  Depth1 (ym) 

Depth2 (ym) 

Depth3 (ym) 

Greatest  Loss3(ym) 

5 

.1400 

.283 

.1960 

.0245 

7.5 

. 5116 

10 

.4800 

. 7780 

.5392 

.0735 

13 

1.1420 

15 

1.4075 

1.1275 

.1078 

20 

1.6000 

1.6897 

1.7156 

.147 

1 (Ref  39:3210) 

2 (Ref  37:3351) 

3 (Ref  12) 
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